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Abstract— Herbimycin A, a benzoquinoid ansamycin antibiotic, has been shown to reverse th^ 
oncogenic phenotype of p50^*^'= transfornned cells because of the inhibition of src "protein 
tyrosine kinase. We previously dennonstrated that herbimycin A displayed antitumor activity 
on the in vitro growth of Philadelphia chromosome-positive leukemia cells and 3CR/A3L- 
transfected murine hematopoietic FDC-P2 cells through the inhibition of 3CR/A3L prot^-in 
tyrosine kinase. In this study, the Jransformed- FDC-P2 cells were demonstrated to be tunno- 
rigenic in syngeneic D3A/2 mice, i he intraperitoneal (i.p.) injection of the transformed tumor 
cells into DBA/2 mice induced infiltrations of abdominal organs, and then all of the mice died 
within time periods proportional to the ceil numbers of inoculation. In mice that received an 
i-p, inoculation with greater than 1 x 10= cells, in vivo administration of herbimycin A by i.p. 
injection inhibited tumor formation and significantly prolonged survival time, and further/in 
mice inoculated with 1 x 10^ cells, herbimycin A compielely suppressed the in vivo growth of 
transfo/mant FDC-P2 ceils and brought about a complete remission. The present study revealed 
the in vivo efficacy of herbimycin A in mice bearing SCR/ASL-transfected ceils. 

Key words: Herbimycin A, 3CR/ABL oncoprotein, protein tyrosine kinase, tyrosine kinase 
inhibitor, in vivo antitumor activity. 



■ Introduction 

The bcrjabl oncogene is the product of the Phila- 
delphia chronnosome (Ph'), resulting frona the 
reciprocal translocation between chromosomes 9 and 
22 which are found in Ph^-positive leukemias which 
mainly constitutes more than 90% of chronic myelo- 
genous leukemia (CML) and approximately 20% of 
adult acute lymphocytic leukemia (ALL) [1-5]. The 
bcrjabl fusion proteins generating from the hybrid 
bcrjabl genes, P210'''^^''^'' and PigV^*'^'"^' exhibit the 
deregulated tyrosine kinase activity of A3L and 
oncogenic activity in vitro and in vioo [6-9]. 

Recent progress in the study of the bcrjabl gene 
and its- product in Ph'-positive leukemia offers an 
opportunity for developing several strategies for 
specific therapy targeted against BCR/ABL [iO-14]. 
Herbimycin A, an inhibitor of protein tyrosine kinase 
(PTK) that we isolated on the basis of its ability to 
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cause rat kidney cells transformed by v-src to revert 
to normal morphology with a loss of PTK activity of 
■ the transforming protein of p60^'^[l5], was shown to 
display a relatively selective antitumor activity for 
transformed cells by oncogenes coding PTK[I6]. In 
fact, we demonstrated that herbimycin A displayed 
a preferential antitumor activity on the in vitro 
grovvth of Ph'-positive cells by reducing BCR/ABL 
PiK [12]. In order to determine whether 'or not 
herbimycin A may offer a new therapeutic potential 
for Ph*-positive leukemia, we have investigated the 
antitumor activity of in vioo administration^of herbi- 
mycin A in syngeneic DBA/2 mice inoculated with 
BCR/ABL oncoprotein-transformed murine 
FDC-P2 cells. Here, we report the in vivo efficacy 
of herbimycin A on mice bearing BCR/ABL onco- 
protein-associated tumors. 



Materiais and Methods 
Murine hcnwwpoieilc cell lines 

^ The murine [L-3 dependent heniatopoietic cell 'line 
FDC-P2 [ i /j was used in this :vudy. As control cells, ?8i5. 



868 



M. 03: a be et a!. 



mastcyioma cell line, and ?33S. lymphoma cell line, were 
used. 

Transfeaion of retro oiral oecior expressing P2i0'^^f^'^^ into 
I L-3 'dependent FDC'F2 cells 

Five million tDC-?2 cells were cultured by the addition 
of a mixture of 30 ui Lipofectin (Gibco, Berlin, Germany) 
and 4 il° of pGD210 retroviral vectors expressing ?2vy^-'^''^' 
oncoprotein [S] for 16 h in serum-free Opti-MEM (Gibco) 
in the presence of recombinant murine iL-3 (rmlLo) which 
was prepared from COS-1 cells transfected with pSVlneo 
containing niiL-3 cDNA. The cells were selected in a 
R?MI-i640 medium to which 10% fetai bovine serum 
(F3S) and 600 ixg/ml geneticin (G41S sulfaie; Gibco) were 
added in the presence of rmIL-3 for 10 days, and were then 
further selected in a medium lacking rmIL-3 for iL-3- 
independent growth. In the absence of mIL-3, parental 
or m.ock pZr?NeoSV(X)-transfecied. FDC-P2 cells died 
within 72 K but G41S-resistant pGD210^''>'"^-- trans fee ted* 
ceils were able to grow autonomously in a medium which ■ 
lacked mIL-3. As previously described in detail [12], trans- 
formed FDC-P2 cells exoressed bcr/abl and neo mRNAs 
and the ?210^">^"^' oncoprotein. 

In vitro growth testing for herblmycin A 

The assay of cellular proliferation vvas carried out by 
using the colorimeric MTT method. The cells (2 x lOV 
well) were seeded in triplicate in 100 ul of 10% FBS-added 
RPMI 1640 with or without herbimycin A, and cultured 
for 3-5 days in a humidified atmosphere with 5% CO2 at 
37''C. A.fter the addition of 10 ul of a 5 mg/ml stock solution 
of MTT (3-(4,5-dimethylthia2ol-2,5-diphenyi tetrazolium 
bromJde) (Sigma Co. Ltd., Munich, FRG) into each well' 
for the last 4 h, formazan crystals were solibilized in 100 ul 
of isopropanoi-0.04 N HQ, and then the plates were 
measured on a MTP-100 microplate reader (Corona Elec- 
tric. Tokyo, Japan) using a test wavelength of 570 nm with 
a reference wavelength of 630 nm. 

Western blotting and immune complex kinase assay of BCRl- 
A3L 

Transformant FDC-P2 ceils were cultured for 16 h in the 
presence or absence of 0.2 ug/mi of herbimycin A, where 
ceil viabilities of both groups were more than 90%. The 
ceils were iysed in the presence of kinase and phosphatase 
inhibitors, as previously described by Longo [IS]. The 
lysate was clarified by centrifugation at 4°C, and 20 us of 
proteins in the supernatant were separated by SDS-PAGE 
in reducing conditions (100 mM dithiothrei'tol). Proteins 
were blotted onto a polyvinylidene diBuoride (Miilipore) 
membrane. The 3CR/ASL oncoprotein was identified 
using a monoclonal anti-A3L protein (Ab-3, Oncosene 
Science, MIneoia. NY). 

The immune complex kinase assay was carried out by 
using a modified method of that described by Kurzrock et 
ai [19,20]. In brief, the cells (1 x 10') were harvested, 
washed with phosphate-buffered saline (PBS), and then 
lysed at 4T by sonication in 50 mM Tris-HCi pH7.5, 
containing 0. 15 m.VI NaCL 0.1% SDS, 1% Triton^X-lOO! 
0.5% sodium deoxycholate, 1 mM PVISF. The diluted 
sample was treated with mou.se monoclonal antibody 
against c-gd/, Ab-3 (Oncogene Science), for in at room 
temperature and was incubated overnight at 4'C Immune 
comple.xes with anti-ABL antibody were precipitated with 
mouse anii-IgG antibody-coated protein A (Zymed Lab- 
oratories, San Francisco. CA). and immunoprecipitates 



were then reacted with 5 uCi of (y - --?) AT? for 10 mm 
on ice. Next, immune complexes were analyzed on 7 
^DS-polyacryiamide gels, followed by autcradio^raohv 
with an intensifying screen. ~ ' ' 

Animals 

Seven-week-oid female DBA/2 mice were suoniied bv 
Oriental Kobe Co. Ltd (Tokyo, Japan). 

txamination of tumor cells and tissues 
^ Tissues were processed for histolcsical examination and 
ror Southern blot analysis. High molecular DNAs derived 
from tissues and tumors were digested with restriction 
enzymes, eiectrophoresed throush 0.3% agarose 2e!, and 
then transferred 10 nylon membranes. The nvbridiVation 
With a human 3'*-£?crgenom.icDNADrobe (.Scr-1: Qncocen- 
Science) was carried out by the method pr-vij'usiv 
described [2i]. 

Administration of herbimycin A 

HerbimA'cin A was isolated as described oreviously [15] 
and W2S dissolved in phosphate-buffered saiine containina 
1% (V/V) of Tween-20. Various concentrations of her^ 
bimycm A were then administrated by i.n. injections daily 
rrom days 2-6 and from day 12 to daV 16 after either 
transformed FDC-P2 cells. P51S cells or ?3S8 cells a^ cell 
numbers of 1 X lOM x 10^ were inoculated intraoer- 
itonealiy mto syngeneic D3A/2 mice on the nrst day! 

Expression of results 

Unless otherwise indicated, mean values ± one S.D. for 
measurements from triplicate culture have been presented 
Bars in figures indicate one S.D. The statistical analysis 
was earned out usung a Student's /-test, and results were 
interpreted to be significantly different when p < O.OOL " 



Results 

■ In vitro antitumor effect of herbimycin A on SCR/ 
A BL- transformed murine cells 

We investigated the in viiro effect of herbimycin 
A against P210^'-"'^^^' oncoprotein-associated auton- 
omous growth of FDC-P2 cells transformed by a 
transfection of the bcr/abl gene. Herbimycin A 
showed no significant inhibition of the growth of 
parental rDC-P2 cells in the presence of the culture 
•supernatant of WEHI ceils containing mIL-3, but 
did display an inhibitory effect on the srowth of 
transformant FDC-P2 cells at doses shov^-'ing no tox- ' 
icity on murine P815 cells and P388 cells (Fis. 1). 

Effect of herbimycin A on BCR/ABL oncoprotein 
and tyrosine kinase 

. ^ We previously reported that the antitumor activity 
of herbimycin A on Ph^-positive leukemia cells seems 
to be associated wirh an inhibition on the activity of 
BCR/ABL FiK in spite of having no effect on the 
expression of 3CR/A3L oncoprotein [12]. Similariy, 
the immune complex kinase assay of BCR/A3L 
revealed that herbimycin A dramatically suppressed 
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rig. 1. Effects of herbimycin A on the in vitro growth of 
parental FDC-P2 celis. BCR/ABL-transfecred' FDC-P2 
cells and syngeneic murine hematopoietic nnaiignant cells. 
tLUtcis of herbimycin A on ILo-dependent^srowih of 
parental FDC-P2 cells in the presence of the culture suDer- 
natant obtained from WEHI cells and autonomous srowr h 
of transformant FDC-P2 cells by a transfection with"BCR/ 
A3L were assayed by MTT proliferation assay after cul- 
turing for 72 h. In PSi5 and P3SS cells, hHT proliferation 
assay was carried out after the 72 h and 5 day cultures, 
respectively, ihe growth of PS15 cells and P38S cells was 
not signincantiy inhibited at low doses of hei-bimycin A 
showin a an inhibitory effect on the growth of transformant 
FDC-P2 cells in the 72 h and 5 day cultures. The results of 
5 day cultures of PS 15 and P388 cells are shown. 



the autophosphoryiation activity of P2 1 0^'"'''^''^^ tyro- 
sine kinase .in BCR/ABL- trans formed FDC-P2 cells, 
while it did not affect the amount of BCR/A3L 
oncoprotein (Fig. 2). 

Mice bearing tumor cells transfecied wiih BCR/ABL 
Transformant FDC-P2 cells were transplantable 
by either i.p. or i.v. injection into syngeneic DBA/ 
2 mice, whereas parental FDC-P2'^ce]is were not 
transplanted. Mice inoculated with transformant 
FDC-P2 cells by i.p. injections exhibited a gradual 
increase of abdominal tumors and died within 5-11 
weeks post-inoculation. Postmortem examinations 
revealed that tumor ceils formed masses on the 
abdominal vvalis and infiltrated mainly into mesentric 
and retroperiioneai lymph nodes (Fig. 3(A)). The • 
invasions were observed in the liver, spleen, pancreas 
and peritoneum (Fig. 3(A)), but were not noted in 
other organs including the lungs and kidneys. The 
presence of the bcr/ablgene in tu.mors was connrmed 
by Southern blot analysis wi[h a human bcr orobe 
(Fig- 3(3)). 

In vivo efficacy of herbimycin A in mice bearing 3CR/ 
ABL oncoprofein-associaicd tumors 
The study regarding determination of lerhai dose 
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Mg. 2. suppression of 3CR/ABL PTK activity by herbi- 
mycin. (A) ror the western blottins of BCR/ABL onco- 
protem, transformant rDC-?2 cells were cultured for 16 h 
m presence or absence of 0,2ug/ml of herbimycin A 
end .hen cellular protein was isolated. Twentv micrcx^rams 
ot protein were subjected to western biottin^^ ''BTpor 
tnetminune complex kinase assay (ICKAs), transformant 
^DC-P2 cells were treated with or without 0.2 ii<./ml of 
neroimycn ror 16 h. After this the ceil extract!' w=r' 
immunoprecipitated with anti-c-flW monoclonal antibod- 
Ine resulting immune complexes were analyzed for their 
autophosphoryiation activities. 

in DB A/2 mice has revealed that LD.,,-, of a single i.o. 
injection of herbimycin A is appro.ximatelv lO^mo/i-a 
body weight. The intraperitoneal injection of h^-r- 
oimycin daily for 5 days at less than 2.0mg/ko body 
weight was well tolerated with no obvious toxicity 
A marked reduction in subsequent tumor formation 
and a prolongation in the survival rates were evident 
following herbimycin treatment at doses of 1.0- 
2.0mg/kg body weight in mice inoculated with 
greater than 1 x 10-'' of transformant cells (Fig. 4(A)) 
Furthermore, the i.p. administration with herbimycin 
A at 2.0 mg/kg body weight completely protected 
against tumor formation and brousht about cures in 
all mice inoculated with I x W cells, whereas the 
I.p. administration at i.O mg/kg protected asainst 
tumor formation in two out of five mice (Fio ^S)) 
In contrast. PS15 cells and P3SS cells. whTch were 
not sensitive to herbimyci.n A niiro. were trans- 
plantable into syngeneic DBA/2 mice, and ail mice 
moculated i.p. with amounts of greater than 1 x iO^ 



Fig. 3. Histological examinadon or lumors. (A) Pathotogiciil findings of -he lymph nodes and the liver. Microeraoh of the 
reLroperitoneal lymph node (LN) showinjz [he replacement by uimor eel!?, ^n^.a!! polygonal cells wiih prominent nuclei are 
evident (HE, x350]. Micrograph of the liver: (unior cc'i!> are observed {hrouyhi-iii the por«:a! tract (HE, x200). 3. bile 
duct; A, hepatic artery: H. normal hepaiocytes. (Bj Souihern Mtn analysis revealed chc pr;:sence of the bcrj'abl ^tnt. Hish- 
molecuiar weight DNAs isohued fron; uvsues wore diiiesied uith HuhIWI a.nd 'Aerc subjected to the Southern blot usin^'S' 
hi-bcr genomic DNA probe. Lane L pareniai FDC-P: ceils: lane 2, transfi-rmcci FDC-P2 cells; lane 3, lymph nodes; lane 
4: liver: lane 5. human phscenta DNA. Arrow.s indicate the signals derived from bcr/abl gene. 
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Fig. 4. Therapeutic effects of herbimycin A on DBA/2 
mice inoculated with BCR/ABL- transformed FDC-h 
ceils. Five DBA/2 mice per group were administered i.D. 

with heTDimycin A (O.lmg/kg body weight, A A\ 

l.Omg/kg body weight, 2-Omg/kg body vveisht! 

A A) on days 1-5 and S-12 after To. Inoculation of 

1 X 10^ tumor ceils (A) or 1 x lO' tumor cells (B). Control 
groups (O-O) were administered with vehicle only. B, KH: 
significant, p < 0.001 (Student's £-test)' 



cells died within 12 weeks. In this case, herbimycin 
A administration had no effect on their survival rates. 



Discussion 

PTK activity has been demonstrated to be associ- 
ated With stinnulatory effects of many growth factors 
and with transforming oncogenes such as src, abl, 
ros, fps, yes, and fes. These findings indicate that 
a variety of PTK may play a critical role in the 
proliferation and differentiation of cells [22] as well 
as in some nnalignant transformations of cells, where 
Ph^-positive leukemia is representative in human 
malignancies. Until now, several tyrosine kinase 
inhibitors including genistein, erbstain and lav- 
endustin have been developed on the basis of inhi- 
bition of EGF-associated tyrosine kinase. In contrast 
to these' inhibitors of receptor-type tyrosine kinase, 



herbimycin A. which was isolated from the cultu-d 
r\^raizoi:^irepiomycesso. MH237-CF-3. wnscannM. 
oi causing a reversion of the transformed Rous s^ 
corna virus-^nfected rac kidney cell to normal ~or- 
p^iClogy at moGesi concentrations via r-durrion 
P6(>''^ PTK activity [151. Funhern.ore. we 
demonstrated that herbimycin A DrefarentiaUv .un 
pressed ?h'-positive leukemia cell growth and BCR/ 
A3L oncoprotein-associated transformed marine 
.cells Via the inhibition of BCR/A3L PTK activity 

^ In this study, we evaluated the in oioo ef.ncacv of 
neroiuiyciri A in a murine model bearing BCR -' AS L 
oncoprcnain-e.xpressing transformed celTs. TheVrans- 
rormed rDC-P2 cells by a transfection of BCR/ABl 
grew autonomously //, vitro and were tumoria-pjc in 
syngeneic DBA/2 mice, in which the i.v. inoculation 
or transrormant rDC-P2 cells showed 'the induction 
or massive swelling of abdominal lymoh nodes and 
tne infiltration of abdominal organs and brought 
aoout ratal outcomes in mice. In this murine mod=l 
oeanng the BCR/ABL-associated tumors, the i p 
administration of herbimycin A at concentrations of 
less than 2mg/kg body weight for 5 days con- 
secutively for 2 weeks significantly prolonged th-^ 
survival times ot the mice.when thev were ino^culat-d 
With more than 1 x lO-' tumor cells and. furthermore 
completely protected against in oioo tumor formation 
in mice that received 1 x 10^ cells with no overt side 
errects. Similarly, Honma has previously described 
the in vwo antitumor effect of herbimvcin A in the 
m.unne model inoculated with hiahlv v-o6/-e.xpr=ss- 
ing murine myeloid cell lines, Cl cells [23]. Recemly 
It has been shown that herbimycin A also is a pot-nt 
cytotoxin against malignant human tumors with 
primitive neural features, and the tumorigenicitv in 
nude mice of these sensitive cell lines can be'mark^dl v 
reduced by systemic or topical administration of h-r- 
oimycin A without any apparent toxicitv to the whol= 
animal [24]. 

More recently, erbstain and tyrphostins, derivative 
synthetics of erbstain, provided an important insight 
into ruture therapeutic developments asainst various 
t>-pes of cancers with amplified ErbB-i (EGF-R) and 
trbB-2 (Neu) through inhibiting PTK activity [25- 
27], Furthermore, it has been no^ed that PTK block- 
ers from the tyrphostin family can discriminate^ 
oetwee^n normal A3L and transforming ABL pro- 
teins [2S]. In addition to these studies, our devel- 
opment and study of herbimycin A. and further 
development of chemical modifications might pro- 
vide an important insight into future therapeutic 
development according to a new strafesv of 6c/- «,V 
oncop.roiein-iargeted therapy asainst 'Ph'-Dositive 
leukemia. 
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